The "dark flow" dipole is a statistically significant dipole found at the position of galaxy clusters in filtered maps of Cosmic Microwave Background (CMB) temperature anisotropies. The dipole measured in WMAP 3, 5 and 7 yr data releases was roughly aligned with the all-sky CMB dipole and correlated with cluster X-ray luminosity. We analyzed the final WMAP 9 yr and the first Planck data releases using a catalog of 980 clusters outside the Kp0 mask to test our earlier findings. The dipoles measured on these new data sets are fully compatible with our earlier estimates, being similar in amplitude and direction to our previous results and in disagreement with the results of an earlier study by the Planck Collaboration. Further, in Planck data dipoles are independent of frequency, ruling out the Thermal Sunyaev-Zeldovich as the source of the effect. The signal is dominated by the most massive clusters, with a statistical significance better than 99%, slightly larger than in WMAP. Since both data sets differ in foreground contributions, instrumental noise and other systematics, the agreement between WMAP and Planck dipoles argues against them being due to systematic effects in either of the experiments.
of the Wiener filter, designed to minimize the contribution from primary CMB with the known mean power spectrum, whereas the TSZ component can be attenuated down to zero if in clusters the gas X-ray temperature, T X , decreases toward the outer parts as it was indeed found empirically .
The KA-B method was then applied to the 3-yr WMAP CMB data coupled with an extended cluster catalog where, surprisingly, a statistically significant dipole over the cluster apertures containing zero monopole was found for a volume of ∼ 300h −1 Mpc (Kashlinsky et al. 2008, hereafter KABKE) . Within the statistical and systematic calibration uncertainties this corresponded to the cluster sample moving at ∼ 600 − 1, 000km/s in the direction of the CMB dipole. KABKE termed this the "dark flow" speculating that it may be reflective of the effective motion across the entire cosmological horizon. If true, this is equivalent to at least a part of the all-sky CMB dipole being of primordial origin, a possibility that requires an isocurvature component in the primordial density field (Matzner 1980 , Turner 1991 , Mersini-Houghton & Holman 2009 ). Using a further expanded cluster catalog and WMAP 5-yr CMB maps Kashlinsky et al. (2010, hereafter KAEEK) showed that the cluster dipole correlated with cluster properties, increasing in amplitude for the most X-ray luminous and massive clusters, as expected from SZ contributions (the TSZ contribution being small over the final apertures as evidenced by the zero monopole there). Atrio-Barandela et al. (2010, hereafter AKEKE) have developed -analytically and numerically-the formalism to understand the error budget of the KA-B method, which can and should be applied to any such measurement as a consistency check.
1 Kashlinsky et al. (2011, hereafter KAE11) have shown that the results can be probed with public cluster data which they have posted for interested investigators at www.kashlinsky.info/bulkflows/data_public. The methodology of the analysis, the results and their potential implications have been extensively reviewed in Kashlinsky et al. (2012, hereafter KAE12) .
Motivated by the final WMAP 9 yr and Planck 1 yr data releases we have scrutinized our previous "dark flow" measurements with the further developed methodology and present the results here. We do not address our interpretation of the signal here: throughout we refer as the "dark flow signal" to the statistically significant dipole remaining at cluster positions at apertures containing zero monopole, and with an amplitude which correlates with X-ray cluster luminosity pointing within the uncertainties in the direction of the all-sky CMB dipole. If the measured signal with all its properties can arise from something other that KSZ, we would welcome this discussion. We find the same results as before with WMAP 9 yr data, but given the lower noise levels of that dataset and the new methodology here we can isolate the signal better: there appears a statistically significant "dark flow" signal at cluster locations with the dipole amplitude which correlates with cluster X-ray luminosity and the direction pointing within the uncertainties to the direction of the all-sky CMB dipole. We then apply the methodology to Planck 1 yr data and we find full consistency with the WMAP results.
This paper is structured as follows: For completeness we briefly revisit the methodology, the data processing pipeline and the error budget of the KA-B measurement. Then in Sec. 3 we present the analysis of the WMAP 9 yr data, which supports empirically the error budget estimations derived in Sec. 2 and our previous measurements. Sec. 4 addresses our measurement of the dark flow signal with the Planck 1 yr data. We find full consistency between the WMAP and Planck results, except that for the map at 30 GHz and in particular cluster configurations, that could be affected by low-level systematics, consistent with the effects of striping due to the Planck observing strategy. The "dark flow" measured in Planck is significant at better than the 99% confidence level. When combined with the fact that the signal correlates with cluster X-ray luminosity and points in the direction of the all-sky CMB dipole, the significance of the existence of the primordial contribution to the CMB dipole is even larger.
Throughout this paper we use the X-ray cluster catalog compiled for the KAEEK study. A more advanced and expanded catalog is now being worked on and upon its completion we will present the results from its application.
2. Methodology, Data Processing and Error Budget.
KA-B method
A cluster in the directionn, moving with a peculiar velocity v, will generate a temperature anisotropy ∆T KSZ = −T 0 τ (v ·n/c), where τ is the projected electron density along the line of sight, c the speed of light and T 0 is the CMB blackbody temperature. A sample of clusters randomly located in the sky moving with an average velocity V bulk will produce a temperature anisotropy ∆T KSZ = −T 0 τ (V bulk /c) cos θ, where θ is the angle with respect to the apex of the motion. At the position of clusters, microwave temperature anisotropies have several components: primary CMB, TSZ and KSZ components, foreground residuals and instrument noise. KA-B estimated how these terms integrated down with many clusters concluding that at the resolution of WMAP and Planck channels the dominant contribution to the noise of the KSZ measurement would be from primary CMB anisotropies. KA-B proposed to use the known statistical properties of the primary CMB to filter out this contribution and increase the signal-to-noise of the probed KSZ term. The KA-B proposed filter minimizes the difference (∆T − N ) 2 , with N the instrumental noise ). AKEKE have shown analytically and numerically that it effectively removes the primary CMB signal down to the cosmic variance. In ℓ-space the KA-B filter is
is the actual realization of the radiation power spectrum in our sky that includes noise, TSZ, KSZ, foreground residuals, and primary CMB; C ΛCDM ℓ is the power spectrum of the ΛCDM model realization that best fits the data, and B ℓ is the antenna beam.
Data processing pipeline
WMAP and Planck have measured the microwave sky at different frequencies with varying angular resolution. We implement our filter taking into account the specifics of each of the WMAP Differencing Assembly (DA) or the Planck channels. Our pipeline for measuring the dark flow signal works as follows:
1. We start with foreground-cleaned all-sky microwave maps. 2. The data of each channel are multiplied by the Galactic and point source mask. To facilitate comparison with our previous results we chose the WMAP Kp0 mask. 3. Next, monopole, dipole, and quadrupole are subtracted from the regions outside the mask. Then we compute the multipole expansion coefficients a ℓm correcting for the mask. 4. The a ℓm coefficients are multiplied by the filter F ℓ before transforming them back into real space to create the filtered map. Since the quadrupole and octupole are aligned with the dipole the filter is set to zero for ℓ ≤ 3 to avoid any cross-talk between those scales that could mimic a dipole. 5. The monopole and dipole outside the mask are removed from the filtered maps. 6. The dipoles are computed at the cluster positions using fixed aperture for all clusters for a given depth, X-ray luminosity cutoff configuration. We repeat the measurement for different apertures and select the dipole measured at the zero monopole aperture, which ensures that the TSZ component does not contribute to the measurement.
Error budget
The filtered maps have variance σ
While the filter erases a large fraction of the primary CMB anisotropy, it leaves a residual due to cosmic variance that is common to all frequencies. The realization of the radiation power spectrum as seen from our location, C (Abbott & Wise 1984) . Neglecting foreground residuals in the foreground-cleaned maps, AKEKE have demonstrated that the variance of the filtered map is given by
The final expression will depend on the radius of the aperture chosen around each cluster, and needs to be computed numerically. Nevertheless, eq. (1) shows that the variance of the filtered maps depend on two components: (a) residual CMB not removed by the filter due to cosmic variance (CV) and (b) noise that decreases with increasing time of observation t obs . Fig. 1 of AKEKE shows the high accuracy of the above expression. By construction, the filtered maps have no intrinsic monopole or dipole. Since we measure these two moments from a small fraction of the sky, our limited sampling generates an error due to the (random) distribution of these quantities around their mean zero value. This error is proportional to the rms dispersion of the filtered map, the size of the fixed aperture around each cluster and the number of clusters N cl of the catalog. For a fixed aperture, the cosmic variance term of eq (1) scales as N −1 cl while the the noise term scales as (N cl N pix ) −1 , being N pix the number of pixels within a fixed aperture around each cluster. The sampling variances of the monopole and three components of the dipole (a 0 , a 1m ) depend on how homogeneously clusters sample the sky. A direct calculation shows that the monopole (σ 0 ) and three dipole (σ m ) errors are:
wheren i are the clusters' direction cosines. If clusters were homogeneously distributed in the sky n 2 i = 1/3 and the errors on the dipoles would be related to that on the monopole as expected: σ m = √ 3σ 0 , since three quantities are evaluated from the same data as the monopole. As we will discuss in Sec. 3.2, this expression is only approximately true since, due to the galactic mask, the error on the X and Y components of the dipole is slightly larger than that of the Z-component (see AKEKE, KAE12 and Atrio-Barandela 2013, for a detailed discussion).
Filtering and Noise
The lower noise levels of Planck as compared with WMAP as well as different and independent systematics, allow a second and in some ways independent measurement of the KSZ signal, providing further test of our filtering scheme. The KA-B filter has been designed to remove the cosmological signal by minimizing the difference between the data and the instrumental noise, i.e., the filter minimizes (∆T − N ) 2 . The filter oscillates around zero, F ℓ ≃ 0, where the noise is negligible and F ℓ ≃ 1 where the noise dominates. If the noise decreases, the filter will remove all signals down to the limit imposed by cosmic variance. Since cosmic variance decreases as ℓ −1/2 , lowering the noise implies that the filter will remove the signal at high ℓ's more effectively. Then, whether the TSZ and KSZ signals survive or not our filtering process will depend on how these contributions are distributed in ℓ-space. For instance, the average TSZ anisotropy when evaluated at the cluster locations is a monopole and, in the absence of mask, filtering will distribute it preferentially to even multipoles while the bulk flow due to all clusters is a dipole and it will be distributed preferentially to odd multipoles. In other words, the filtered maps derived from initial data with low instrumental noise will be very different from data with higher instrumental noise. Therefore, it is of important to compare the results obtained with WMAP and Planck to isolate the effect of systematics. Wiener filters constructed with the 3, 5, 7, 9 yr data (and noise levels). Top panels correspond to the filter in ℓ-space and the bottom panels to the same filters in real space. In each panel, black, blue, green and red curves from top to bottom correspond to the 3 to 9 yr data. The galactic mask used was the WMAP Kp0 mask.
3. The dark flow dipole in WMAP 9 yr data.
We first present the results of our analysis of the dark-flow signal in the final WMAP 9 yr data. To facilitate the comparison with our earlier results, we use the Kp0 mask to remove the Galaxy and the X-ray cluster catalog assembled for the KAEEK study. This catalog contains 980 clusters outside WMAP Kp0 mask, with redshifts z ≤ 0.25 and Xray luminosities in the ROSAT (0.1 − 2.4)KeV band of L X ≥ 0.2 × 10 44 erg/s. Of those, 598 have X-ray luminosities L X > 10 44 erg/s. We consider four cumulative redshift bins, selecting clusters by redshift: z ≤ (0.12, 0.16, 0.2, 0.25). In each redshift bin, we define three independent cluster subsamples according to their luminosity. These subsamples are L X = (0.2−0.5, 0.5−1.0, > 1.0) (in the same units as before) for clusters with z < 0.12 and L X = (0.5−1.0, 1.0−2.0, > 2.0) for all other bins. The number of clusters and other properties of each subsample are given in Table 1 of KAAEK. In total we only have 11 different bins since the bins z < 0.2 and z < 0.25 with L X < 10 44 erg/s differ by two clusters and their results are almost identical.
WMAP filtering and results
In KABKE, KAEEK and KAE11 we have analyzed the subsequent data releases of WMAP 3, 5 and 7 yr data, respectively. We have consistently constructed the filter from the same data that we used to compute the dipoles. With each release, the noise level in the map has decreased, changing the filter. Motivated by the discussion in the Sec. 2.4 we can now test the robustness of the detected dipole signal with respect to the noise level of the filter. For this purpose, we have constructed four filters for each of the eight single frequency all-sky CMB maps using the data from the 3, 5, 7 and 9 yr releases. During these integrations the rms instrument noise has been reduced by a factor √ 3 and so each subsequent filter would remove progressively a larger fraction of the intrinsic CMB signal. The four different filters were then applied to the WMAP 9 yr data of the ultimate noise achieved with that instrument. The filters in multipole (top panels) and angular (bottom panels) space are shown in Fig. 1 , where one can see also the differences in the maps of different resolution going from Q at ∼ 30 ′ to W at 12 ′ . Since the noise is largest at the W DA's and lowest at Q more structure survives in the former than in the latter filter. However, combining the four W DA's decreases the noise by a factor of 2. The overall S/N of the KAEEK measurement is driven by the most luminous X-ray clusters as should be if the dipole arises from the SZ cluster components. In Fig. 2 we show the dipole at zero monopole aperture at the positions of the brightest clusters with L X ≥ 2 × 10 44 erg/sec from Table 1 of KAEEK. The three panels correspond to different redshifts, as indicated. These bins contain 130, 208 and 322 clusters, respectively. Solid circles correspond to averaging over all eight WMAP DA's (Q, V, W bands) and open circles to averaging over four W DA's which can resolve clusters better. The horizontal axis indicates the data used to construct the filter which is, as we have indicated above, always applied to the the WMAP 9 yr data release. For the different filters, the zero monopole aperture changes from 20-30arcmin depending on the chosen cluster sample. Nevertheless, the difference with the results at a fixed aperture, say 25 or 30arcmin, are negligible since the residual monopole is always small, proving that the dipole is not contaminated by the TSZ monopole. The black line and shaded area correspond to the dipoles measured in KAEEK, obtained from WMAP 5 yr data for the same cluster samples. The figure shows a reassuring consistency between the 9 yr WMAP data (with any filter) with what was obtained in KAEEK for 5 yr WMAP data.
The error budget for WMAP filtering
In AKEKE, KAE12 we have discussed the proper method to compute error bar and have addressed their relative merits and intrinsic biases. In Sec. 10.3.2 of KAE12 we compared 5 alternative methods and showed that they all give similar uncertainties. Here we will compute error bars by randomly selected pseudo-clusters in the sky, outside the known cluster positions and the mask, and evaluating dipoles subtended by a given aperture around these centers, referred as Method 1 in KAE12. Each run was done with several apertures and with different number of clusters, in the range 100 < N clus < 600.
As discussed in AKEKE and above, the dipole error budget is driven almost entirely by the error on the monopole, σ 0 , which should scale as ∝ N −1/2 clus . AKEKE have demonstrated, analytically and numerically, that the errors on the three dipole components should then be σ 1m ≃ √ 3σ 0 with σ 1x > σ 1y > σ 1z . The errors claimed by Keisler (2009) do not satisfy this and point to the flaw in his analysis namely, that his error budget is driven by the residual dipole outside the mask in the filtered map, which he failed to subtract prior to compute dipoles at random locations 2 , as it was demonstrated in AKEKE. The left panels of Fig. 3 show with simulations that for the WMAP 9 yr noise levels one obtains to good accuracy that σ 1x ≃ 1.8σ 0 , σ 1y ≃ 1.55σ 0 , σ 1z ≃ 1.4σ 0 with a weak aperture dependence. This confirms explicitly that the entire error budget is contained in σ 0 .
The middle panels of Fig. 3 show the results of simulated errors on σ 0 for various cluster configurations and KABKE 3 and 5 yr filters for the 30 ′ aperture which correspond approximately to the zero monopole aperture. Solid circles correspond to the average of all 8 DA's. The panels demonstrate the accuracy of the scaling of σ 0 ∝ N −1/2 clus or more explicitly σ 0 ≃ 20N −1/2 clus µK with a weak dependence on the selected filter. This quantifies the errors explicitly. The right panels of Fig. 3 show the error on the monopole, σ 0 × N 1/2 clus , as function of the aperture radius when averaging over all 8 DA's (filled circles) and 4 W-band DA's (open circles). This is compared with the component of eq. 1 resulting from the cosmic variance of primary CMB discussed in AKEKE, Sec. 10.3.1 of KAE12 and above, shown with a thick horizontal line. One can see explicitly that as the WMAP 9 yr instrument noise decreased with increasing aperture, the monopole errors σ 0 approach this limit very accurately. Any filtering scheme should be able to evaluate similar expressions and then verify whether their particular claims are commensurate with this theoretically justified limit (cf. Planck Collaboration (2014g)). The final zero monopole aperture at ≃ 30 ′ (KABKE and KAEEK) is where the instrument noise in WMAP 9 yr CMB maps contributes about ∼ 10% to the total error, and so the latter is driven by cosmic variance from primary CMB.
3.3. The "dark flow" dipole from the WMAP data
In Fig. 4 we present the final results from the cluster catalog binned by L X and z per Table 1 of KAEEK. We plot the results of the y, z dipole components, evaluated at zero monopole aperture, vs the central monopole evaluated from unfiltered CMB maps. The central monopole was evaluated by averaging over the central 10 ′ radius; because of this we used only the four W DA's when averaging, but the other DA's give consistent results. We show only the y component and the z components where we recover statistically significant results; the x component is consistent with zero within the errors, but in any event it can be derived from the right panel showing the dipole power, C 1 . As in KAEEK the cluster configuration (discussed later for the Planck analysis) results in the value of a 1y measured at about 3.3σ and the value of a 1z at ≃ 2.5σ fully in agreement with Table 1 of KAEEK. When one accounts for the L X correlation, the overall "dark flow" dipole reaches about ≃ 4σ significance as discussed in AKEKE. In addition, the "dark flow" dipole direction coincides with the all-sky dipole direction (after correction for the local motion as discussed in Kogut et al. 1993) ; the probability of this happening by chance with the current errors is ∼ 10 −2 . This argues for the same statistically significant signal pointing to the "dark flow" as in KAEEK.
4. The "dark flow" dipole in Planck data.
In March 2013, the Planck Collaboration released nine Planck Nominal maps from the Low and High Frequency Instruments (LFI and HFI, respectively). LFI has measured the CMB sky at frequencies 30, 44 and 70 GHz, while the HFI has covered the range 100, 143, 217, 353, 545 and 857 GHz (Planck Collaboration 2014a) 3 . These maps contain significant foreground contamination due to synchrotron and free-free emissions at low frequencies and thermal dust CO emission and zodiacal light at high frequencies. At the HFI frequencies, where zodiacal light contribution is more important, we use HFI maps with this contaminant removed (Planck Collaboration 2014d).
In addition, the Planck Collaboration released four different foreground-cleaned reconstructions of the CMB temperature anisotropies over a large fraction of the sky. These maps were produced using the data from nine Planck channels, without including any other external dataset, by applying different component separation techniques. Together with the foreground-cleaned Planck Nominal maps described below, we will analyze the SMICA (Spectral Matching Independent Component Analysis) map, constructed from a linear combination in harmonic space of the nine single frequency maps of different resolution. The weights of each frequency vary with multipole ℓ. In SMICA the temperature anisotropy was estimated over 97% of the sky. The remaining area of the image shown in Fig 5 is replaced with a constrained Gaussian realization (Planck Collaboration 2014d). The component analysis used to construct the map does not preserve the TSZ signal, so it can not be used to test the monopole-dipole correlation shown in Fig 4. The SMICA map has an angular resolution of 5arcmin, but its harmonic content is cut off at ℓ > 4000. The noise has an average rms of ∼ 17µK with a highly inhomogeneous distribution (see Fig. 15 of Planck Collaboration (2014a)). The method under-subtracts thermal dust emission, but at high latitudes, in the region where the CMB reconstruction is statistically robust, residuals are below a few µK in amplitude. Compared with other reconstructions using different techniques, SMICA produces the map with lowest level of residuals and for this reason it will be the one we will be considering here.
Cleaning Planck Nominal maps from foreground contributions.
Planck Nominal maps contain foregrounds due to diffuse emissions from the Galaxy and compact sources. The Galactic foregrounds are the main contaminants on large angular scales. The main contributions are synchrotron, free-free and the anomalous microwave emission due to spinning dust grains, thermal dust emission and emission from CO rotational lines. At small scales, extragalactic foregrounds from compact sources and unresolved emission from radio and infrared sources are the dominant contribution (Planck Collaboration 2014d). To correct the thermal dust emission we use the data from the Planck dust model that gives the three parameters that define the modified black-body emission law (dustgrains temperature, emissivity index and optical depth) at the reference frequency of 353 GHz (Planck Collaboration 2014c). To estimate accurately the contribution of this emission at each Planck frequency we evaluate the spectral model in each sky pixel and convolve it with the passband of each detector. We apply this color correction using the publicly-available routine hfi_color_correction. The synchrotron and free-free emissions are cleaned using the data on the amplitude of those contributions at 30 GHz and a spectral index to scale it to other frequencies at each pixel on the sky (Planck explanatory supplement 2013). Using the same routine mentioned before, a color correction is applied to estimate the flux weighted in each band. The maps of the low-frequency and high-frequency foregrounds are subtracted from each frequency map.
The last step of the process is to clean the CO emission. This contribution is only important for the 100, 217 and 353 GHz channels due to the (1-0), (2-1) and (3-2) rotational transition lines. The Planck collaboration has made available three different types of CO correction maps (Planck Collaboration 2014e). Type 1 maps are too noisy to be of use for our purposes, so we use the Type 2 maps to clean the 100 and 217 GHz channels, the only ones for which the correction is available.
Our final foreground-cleaned maps from 30 to 353 GHz, together with SMICA, are shown in Fig. 5 . The data is plotted in the range [−300, 300]µK to emphasize the differences in noise and foreground residuals. We work with a Healpix resolution of N side = 1024 (Gorski et al. 2005) . In all the maps there are some residuals of Galactic emission along the Galactic plane but outside the signal is clearly dominated by CMB fluctuations. The 353 GHz map appears cleaner than other HFI channels because it was at this frequency where the Planck dust model was evaluated. Dust residuals are larger at other frequencies due to the uncertainties in the modified black-body model or in the determination of the emissivity index. The residual dust contamination in the Galactic plane diminishes at lower frequencies; at 44 and 70 GHz some residual synchrotron and free-free emission remains. We did not consider the maps at 545 and 857 GHz due to their stronger foreground contamination.
Planck Data Power Spectrum
The seven foreground clean maps of Fig 5 have a FWHM Fig. 6 by a broken blue line and a smooth solid black line, respectively. The region around the galactic plane was masked using the Kp0 mask. The theoretical model fits the data rather well, the noise being the only significant difference. In LFI the noise starts to dominate the intrinsic CMB signal at multipoles ℓ > 400 − 600, being much smaller in HFI. In none of the spectra there is a deviation of the theoretical C ℓ 's due to foreground residuals or other artifacts, a reassuring fact that foregrounds have been removed to the levels required for this project.
Planck Data systematics.
The Planck satellite observed the sky at nearly great-circles close to ecliptic meridians. The times a given position has been scanned (or "hit") varies across the sky, giving rise to stripes with a similar pattern at ecliptic longitudes. The satellite produces one full sky map every 6 months; the initial and final position are matched with 6 months difference, when the instruments are looking in opposite directions in the solar system. Instrument noise, changes in gain, variations on the solar system foregrounds -mainly zodiacal light-and other effects contribute to small offsets between subsequent scans. As a result, the data shows stripes at nearly ecliptic meridians, most noticeably but not exclusively, at the 30 and 70 GHz channels.
In Fig. 7 we present the ratio of the of the hit maps of 30 and 70 GHz (left) and 100 and 217 GHz (right). Before taking the ratio, we divided each hit map by the mean number of observations to correct the differences between frequencies. Since the detectors at each frequency point to slightly different locations in the sky, the number of hits at a given location is different. A blue stripe in Fig. 7 represents a scan where the number of hits on the 70, 217 GHz channels is larger than those on 30, 100 GHz and a red stripe when it happens otherwise. If the sky coverage were uniform this ratio would be a constant. This figure demonstrates that even if in the foreground-cleaned maps of Fig 5 stripes are only seen in the LFI maps, they are also present at other frequencies. It would be important to precisely estimate the effects of the stripes on the noise. However, without access to the time ordered data or the details of the systematic trends and details of which data came from which time we are unable to build a detailed covariance matrix. If there are residual effects from the stripes in the final data these should show up as differences when comparing to the WMAP data. The WMAP data has much stronger cross-linkages and so its stripes are smaller, at higher spatial frequencies and less directional.
Finally, let us remark that the right panel of Fig. 7 shows a band of lower number of hits along the ecliptic plane and some rather odd features at (l, b) = (0 0 , 45 0 ) and at (270 0 , −45 0 ). We have no explanation about why data, that has been taken along ecliptic coordinates, would have been removed along galactic parallels and meridians. Although we can not estimate the effect of these noise inhomogeneities on the data, since we compute error bars using the filtered maps used to compute the dipole, like in WMAP, they will be accounted for in our error bar estimates.
Results
WMAP and Planck scanning strategies are very different, so comparison between both data sets is important to isolate systematics. To facilitate the comparison, we filter the CMB signal and compute the dipole at the cluster location following the same steps as in WMAP. We use the same mask in both datasets, the Kp0 mask. As the input theoretical model we use the ΛCDM radiation power spectrum with the Planck measured parameters. The filters of the seven Planck Nominal maps and the SMICA map are presented in frequency indicated in each panel. Due to the higher noise levels in LFI channels, at ℓ ≥ 500 the filter is close to unity while it oscillates around zero up to ℓ ≃ 10 3 for the HFI channels and the SMICA map. Compared with the WMAP filters shown in Fig. 1 , LFI filters are similar to those of WMAP but the HFI filters are very different, due to differences in resolution and instrument noise. Therefore, like in WMAP, we can test the effect of the filter on our results. The blue and red lines correspond to the first and second frequencies specified in the text, respectively. The black lines correspond to the ΛCDM model that best fits the data, multiplied by a gaussian beam at the resolution of each channel. Fig. 7 . Ratio of the number of hits between the 30 and 70 GHz (left) and the 100 and 217 GHz channels (right). A blue stripe corresponds to number of hits of 70, 217 GHz being larger than those of 30, 100 GHz and otherwise for a red stripe.
In Fig 9 we present the dipoles of the same three cluster configurations of Fig. 2 . Error bars were computed using Method 1: We generated 1,000 templates of 800 pseudo-clusters randomly placed on the sky and computed the dipoles on the filtered maps of those random templates. For each template we took subsets of 100, 200 and 400 clusters and verified that σ 1m ∝ N −1/2 cl . Like in WMAP, error bars on the dipole are driven by the error on the monopole and are approximately given by eq. 2.
The results presented in Fig 9 show a remarkable consistency among themselves and with those of WMAP. The measured dipoles are independent of frequency, with the exception of 30 GHz. This spectral distribution confirms our earlier findinds with WMAP. The dipole is clearly different of what it would be if it was due to TSZ effect as suggested by Osborne et al. (2011) . In this case, the dipole had to be zero at 217 GHz and have the opposite sign at 353 GHz, Fig. 8 .
Filters in ℓ-space of the seven foreground-cleaned Planck and SMICA maps. Lines follow the same convention as in Fig 6. none of which is observed. Only the dipoles measured in the filtered 30 GHz map appear to be systematically different (at ∼ 1σ level) and closer to zero than those of all other maps, including the SMICA map. In general, the dipoles are slightly offset, with a 1Y at z ≤ 0.25 systematically above the KAEEK value at more than 1σ. We will discuss later the possible reasons for systematic differences between WMAP and Planck results.
In Fig 10 we show the dipole components, a 1Y and a 1Z , the dipole modulus and the statistical significance for the cluster configurations selected according to redshift z ≤ 0.16, 0.2, 0.25 and X-ray luminosities (in units of 10 44 erg/s) in the range L X < 1, L X = [1 − 2] and L X > 2. The dipoles are plotted vs the monopole a 0 measured over a solid aperture of radius 10arcmin in the original (unfiltered) foreground-cleaned Planck Nominal maps. For simplicity we only show two frequencies: 70 GHz (solid black circles) and 143 GHz (blue squares). Similarly to the results of Fig 4 , the data shows a clear correlation with the TSZ monopole in the unfiltered map, both in the LFI and the HFI channel. The statistical significance has been computed by generating 10 5 random dipoles with zero mean and rms dispersion the uncertainty in each dipole component for each cluster configuration and finding the fraction of random dipoles with amplitude larger than the measured value. The statistical significance exceeds 99% in the three most significant bins, the three bins with the brightest clusters, L X > 2 × 10 44 erg/s.
Comparison of WMAP and Planck dipoles.
While the dipoles measured at the different Planck frequencies display remarkable consistency, except for 30 GHz, and exhibit a strong correlation with the TSZ monopole, they show some small but systematic differences with those of WMAP. In Fig 11 we compare the dipoles of WMAP, averaged over the 4 DA's of the W band with the dipoles measured in Planck 70 GHz map, of similar angular resolution. Only 11 points (out of the 12 cluster subsamples of KAEEK) are seen since two values merge on the plot, as indicated in Sec. 3. For reference, the red dashed line shows the dipoles having the same value in both data sets. For clarity we do not show the error bars here; for any cluster subsample the dipoles of either satellite differ by less than one standard deviation. Fig 11 shows that the a 1x 's components are randomly distributed above and below the red dashed line, the a 1y 's measured in Planck are systematically smaller than those of WMAP and the distribution of the a 1z 's is indifferent. Although the discrepancies in Fig 11 are not yet relevant, the systematic offset in the y-component of the dipole or the discrepant results of the 30 GHz channel could be the result of systematics present on the Planck data. We have already noted in Figs 5 and 7 that foreground-cleaned Planck Nominal maps contain very strong non-gaussian features. Even if stripes correspond to differences in the number of observations (or weights) in the data, they are not erased but are rather enhanced by filtering. The filter depends on the noise, (1/f ) features could introduce some effect, mostly in the 30 GHz map, the channel with the largest intrinsic noise of all the Planck frequencies. There are other effects that could be more pernicious. The low weight stripes are often there because over most of the sky there are 2 distinct sets of observations 6 months apart while at the beginning or end of the period there is only one set of observations. This has several effects, first because there is only one set of data, there is a single correction for long term drifts so whatever effects are there one has fewer data sets to average over. This increases the systematic effects according to the number of data sets which is a small number. Secondly there are fewer data to check these long term drifts against other data. Finally in the middle of a data set one can interpolate, while at the end one must necessarily extrapolate which is intrinsically more uncertain. These effects lead to higher noise at low frequencies. The pattern of the Planck observations puts the low temporal frequencies at low spatial frequencies. As can be noted from Fig 11 of Planck Collaboration (2014b) systematic effects have higher than proportional noise at low frequencies and this effect would be largest at 30 GHz, where the noise is higher, than at other channels and could be the underlying reason why the dipole has not been equally preserved by the filter than in WMAP. As indicated in Sec 4.3, understanding the effect of stripes would require to analyze the time ordered data and goes beyond the scope of this paper.
Comparison with Planck earlier results
Our results differ markedly from an earlier analysis of Planck data using the Internal Linear Combination map (Planck Collaboratio (2014g) , hereafter PIR-13), a foreground clean map similar to SMICA constructed to measure the KSZ effect. The TSZ contribution in their map was removed to less than a few percent of its original value. The Planck Collaboration claim not to have found any detection of a bulk flow as measured in any comoving sphere extending to the maximum redshift 4 . In addition, they did not find a larger dipole for their 200 most massive clusters. While some differences may arise from the differences in cluster samples, the lack of correlation between dipole and monopole is probably due (A) to their binning and (B) to having eliminated the TSZ component from their map, a component which we have shown not to have an effect on the measured dipole (see Fig 9) . In Figs. 4 and 10 we have demonstrated that the largest dipole originates from clusters with L X > 2 × 10 44 erg/s and z < 0.16. Adding clusters with higher redshift in the same luminosity bin reduces both the monopole and dipole, consistent with clusters being more diluted by the antenna. If their subsample of massive clusters is, on average, at higher redshifts, then their dipole would be smaller than the values we have found. To verify the dipole-monopole correlation they ought to have measured the TSZ from foreground clean maps at different frequencies, to check if their most massive clusters produced the largest TSZ monopole or not.
Conclusions
We have computed the dipole at the cluster locations using the same techniques for WMAP and Planck. We find a "dark flow" signal which correlates with X-ray properties, and is therefore likely related to cluster gas, and not to the primary CMB, foregrounds or noise. The results are in excellent agreement with our earlier findings and are consistent both in WMAP 9 yr and in Planck 1 yr. Those instruments used different scanning strategies, which resulted in different systematics and, while small differences remain, the close agreement is reassuring of the real nature of the dipole signal. Specifically we found that:
-The dipole at the zero monopole aperture remains at cluster positions at the same level as in KAEEK.
-The dipole at cluster positions correlates with the TSZ monopole, a proxy for X-ray luminosity.
-The signal is consistent among the different multi-year WMAP integration filters and with all Planck frequencies, except for a small, typically ∼ 1σ, offset at 30 GHz. Comparison of the three dipole components measured in WMAP W-band with those of Planck at 70 GHz for the same cluster subsamples. The dashed red line corresponds to the dipoles been equal. For clarity, error bars are not shown. The differences between both data sets are always smaller than 1σ for all configurations.
-The noise of the measurement in our filtered maps is in good agreement with the analytical and numerical theory developed in AKEKE and summarized here.
-The overall statistical significance of the dipole signal in WMAP is similar to that found in KAEEK, and is larger for Planck than for WMAP.
-Within the uncertainties the signal points in the direction of the all-sky CMB dipole.
-If one accepts the KSZ interpretation of the detected statistically significant signal the equivalent velocity is ∼ 600 − 1, 000km/s, within the systematic and statistical calibration uncertainties discussed by Kashlinsky et al. (2009), KAEEK and Atrio-Barandela et al. (2012) .
While we deliberately avoid interpretation here, we note that the measurements are consistent with the "dark flow" proposition (KABKE), namely the existence of a primordial CMB dipole of non-kinematic origin, which then presents itself as an effective motion across the entire cosmological horizon. No other alternative interpretation of the measured signal has been advanced although it would be of scientific interest. Instead, the debate concentrated along the lines of trying alternative filtering schemes, which may erase the signal . Indeed, an all-sky filtering cannot imprint a dipole exclusively at cluster positions, which would in addition correlate with cluster X-ray luminosity, but given the still limited significance of the measurement of about (3 − 4)σ, other filtering schemes can reduce the measurement below being statistically significant (see Fig. 13 of Osborne et al. (2011) , where such alternative filtering schemes start picking up the KSZ signal at velocities exceeding 4,000-6,000 km/sec).
If the "dark flow" corresponds to a large scale motion it is of interest to compare with peculiar velocities derived using other methods. First, Planck Collaboration (2014f) have measured the aberration of the CMB temperature fluctuations due to our local motion, constraining the amplitude of large scale flows in the direction of the solar motion, i.e., constraining the motion of the Local Group projected in that direction but not the full vector. Velocity estimates relying on distance indicators are affected by their uncertainties. For instance, Watkins & Feldman (2014) argue that their previous results overestimated the flow due to their distances being underestimated by 10%. Probes of the velocity field on scales ≥ 100h −1 Mpc depend on the value of the Hubble constant and the current discrepancies between local measurements and the Planck value makes these measurements even more uncertain. Supernovae Type Ia have also been used to measure velocities. Turnbull et al. (2013) find that their sample does not show large-scale bulk flow. However, Wiltshire et al. (2013) argue for the opposite finding that the Hubble expansion exhibits considerably more variance in the rest-frame of the CMB dipole that in the inertial frame of the Local Group. Future work, including by our team, with an expanded cluster catalog now in an advanced stage of preparation, should shed more light on the existence of the "dark flow".
